In this article we discuss a scheme of teleportation of atomic states. The experimental realization proposed makes use of cavity Quatum Electrodynamics involving the interaction of Rydberg atoms with a micromaser cavity prepared in a coherent state. We start presenting a scheme to prepare atomic Bell states via the interaction of atoms with a cavity. In our scheme the cavity and some atoms play the role of auxiliary systems used to achieve the teleportation.
INTRODUCTION
Entanglement and non-locality can have revolutionizing impact on our thinking about information processing and quantum computing [1, 2] . Probably one of the most notable and dramatic among various concepts developed through the application of quantum mechanics to the information science is teleportation, put forward by Bennett et al [3] given rise to a new field of research. The essentials of the teleportation scheme is that, given an unknown quantum state to the sender, making use of quantum entanglement and non-locality, it is possible to reproduce this state far apart in the quantum system of the receiver where, in the process, both the sender and the receiver follow a certain prescription and communicate with each other through a classical channel. In the end of the process the receiver has a quantum state similar to the quantum state of the sender and the quantum state of the sender is destroyed since, according to the no-cloning theorem [4, 1] it is not possible to clone a quantum state. It is interesting to note that quantum teleportation does not allow one to transmit information faster than light in accordance with the theory of relativity because to complete the teleportation process the sender must communicate the result of some sort of measurement she performs to the receiver through a classical channel. Quantum teleportation is an experimental reality and it holds tremendous potential for applications in the fields of quantum communication and computing [2, 1] . For instance, it can be used to build quantum gates which are resistant to noise and is intimately connected with quantum error-correcting codes [1] . The most significant difficulty for quantum teleportation to become an useful tool in quantum communication and computing arises in maintaining the entanglement for the time required to transfer the classical message, that is, how to avoid decoherence effects [5, 6] . For several proposals of realization schemes of teleportation see [2] . A scheme of teleportation of atomic states, using cavity QED, has been proposed in Ref. [7] .
In this article we present a scheme of teleportation close to the original scheme presented by Bennett et at [3] . We will assume that Alice and Bob meet and then create a Bell atomic state involving atoms A2 and A4. Then Alice and Bob separate. Alice takes with her half of the Bell pair, that is, atom A2 and Bob keeps with him the other half of the Bell pair, that is, atom A4. Later on Alice is going to be able to teleport to Bob's atom A4 an unknown state of an atom A1 making use of her half of the Bell pair, that is, atom A2. As it will be clear, teleportation is possible due to a fascinating and at the same time intriguing feature of quantum mechanics: entanglement and its consequence, non-locality.
In the discussion which follows we are going to consider Rydberg atoms of relatively long radiative lifetimes [8] . We also assume a perfect microwave cavity and we neglect effects due to decoherence. Concerning this point, it is worth to mention that nowadays it is possible to build up niobium superconducting cavities with high quality factors Q. It is possible to construct cavities with quality factors Q ∼ 10 8 [9] . Even cavities with quality factors as high as Q ∼ 10 12 have been reported [10] , which, for frequencies ν ∼ 50 GHz gives us a cavity field lifetime of the order of a few seconds.
BELL STATES
First let us present a scheme to prepare Bell states and how to detect them. We start assuming that we have a cavity C prepared in coherent state | − α . Consider a three-level cascade atom Ak with | e k , | f k and | g k being the upper, intermediate and lower atomic states (see Fig. 1 ). We assume that the transition | f k ⇀ ↽| e k is far enough from resonance with the cavity central frequency such that only virtual transitions occur between these states (only these states interact with field in cavity C). In addition we assume that the transition | e k ⇀ ↽| g k is highly detuned from the cavity frequency so that there will be no coupling with the cavity field. Here we are going to consider the effect of the atom-field interaction taking into account only levels | f k and | g k . We do not consider level | e k since it will not play any role in our scheme. Therefore, we have effectively a two-level system involving states | f k and |g k . Considering levels | f k and | g k , we can write an effective time evolution operator [11] U
where the second term above was put by hand just in order to take into account the effect of level | g k and where ϕ = g 2 τ / ∆, g is the coupling constant, ∆ = ω e − ω f − ω is the detuning where ω e and ω f are the frequencies of the upper and intermediate levels respectively and ω is the cavity field frequency and τ is the atom-field interaction time. Let us take ϕ = π. We assume that we have a two-level atom A1 initially in the state | g 1 , which is prepared in a coherent superposition according to the rotation matrix
and we have
Now, let us assume that we have a cavity C prepared in coherent state | − α . A coherent state |β is obtained applying the displacement operator D(β) = e (βa † −β * a) to the vacuum, that is |β = D(β)|0 , and is given by [12, 5] . Experimentally, it is obtained with a classical oscillating current in an antenna coupled to the cavity. Then, the system A1 − C evolves to
where we have used e za † a |α = |e z α [12] . Now, if atom A1 enters a second Ramsey cavity R2 where the atomic states are rotated according to the rotation matrix
we have
and, therefore,
It is worth to mention at this point that if we define the non-normalized even and odd coherent states 9) with N ± = ± | ± = 2 1 ± e
and + | − = 0 [13] , we have already a Bell state involving the atomic states of A1 and the cavity field state, that is we have
Now, let us prepare a two-level atom A2 in the Ramsey cavity R3. If atom A2 is initially in the state | g 2 , according to the rotation matrix
we have 12) and let us send this atom through cavity C, assuming that for atom A2, as above for atom A1, the transition | f 2 ⇀ ↽| e 2 is far of resonance with the cavity central frequency. Taking into account (2.1) with ϕ = π, after the atom has passed through the cavity we get
Then, atom A2 enters a Ramsey cavity R4 where the atomic states are rotated according to the rotation matrix
that is,
and we get
Now, we inject | − α in cavity C which mathematically is represented by the operation D(β)|α = |α + β [12] and this gives us
In order to disentangle the atomic states of the cavity field state we now send a two-level atom A3, resonant with the cavity, with |f 3 and |e 3 being the lower and upper levels respectively, through C. If A3 is sent in the lower state |f 3 , under the Jaynes-Cummings dynamics [5] we know that the state |f 3 |0 does not evolve, however, the state |f 3 | − 2α evolves to |e 3 |χ e + |f 3 |χ f , where
Then we get
and if we detect atom A3 in state |e 3 finally we get the Bell state
which is an entangled state of atoms A1 and A2, which in principle may be far apart from each other.
In the above disentanglement process we can choose a coherent field with a photon-number distribution with a sharp peak at average photon number n = |α| 2 so that, to a good approximation, |χ f ∼ = C n cos( √ ngτ )|n and |χ e ∼ = C n sin( √ ngτ )|n , where n is the integer nearest n , and we could choose, for instance √ ngτ = π/2, so that we would have |χ e ∼ = C n |n and |χ f ∼ = 0. In this case atom A3 would be detected in state |e 3 with almost 100% of probability. Therefore, proceeding this way, we can guarantee that the atomic and field states will be disentangled successfully as we would like.
Notice that starting from (2.16) if we had injected |α in the cavity and detected |e 3 we would get the Bell state
Now, if we apply an extra rotation on the states of atom A2 in (2.19) in a Ramsey cavity R5, according to the rotation matrix
we get
and applying (2.22) on (2.20) we get
The states (2.19), (2.20), (2.23) and (2.24) form a Bell basis [14, 1] which are a complete orthonormal basis for atoms A1 and A2. These states show that quantum entanglement implies non-locality. The manifestation of nonlocality shows up when we perform a measurement on one of the atoms. For instance, from (2.19) it is clear that if we detect atom A1 in state | f 1 then atom A2 collapses instantaneously to the state | f 2 and if we detect atom A1 in state | g 1 then atom A2 collapses instantaneously to the state | g 2 , no matter how distant they are from each other. The same applies to the other states (2.20), (2.23) and (2.24). The Bell basis play a central role in the original teleportation scheme proposed in [3] . Now let us see how we can perform measurements in order to distinguish the four Bell states (2.19), (2.20), (2.23) and (2.24). First notice that, defining
x . In order to do so we proceed as follows. We make use of 
and we can rewrite the Bell states as
Let us take for instance (2.19)
(2.32)
Applying K 1 to this state we have
Now, we compare (2.33) and (2.31). We see that the rotation by K 1 followed by the detection of |g 1 corresponds to the detection of the the state |ψ 1 x , + whose eigenvalue of σ 1 x is +1. After we detect |g 1 , we get
that is, we have got
If we apply (2.29) for k = 2 to the state (2.35) we get
We see that the rotation by K 2 followed by the detection of |g 2 corresponds to the detection of the the state |ψ 2 x , + whose eigenvalue of σ 2 x is +1. The same applies to (2.24) We can repeat the above procedure and see that we have only 2 possibilities which are presented schematically below, where on the left, we present the possible sequences of atomic state rotations through K k and detections of | f k or | g k and on the right, we present the sequences of the corresponding states |ψ k x , ± where k = 1 and 2 which corresponds to the measurement of the eigenvalue of the operator Σ x , +1, given by (2.27), which corresponds to the detection of (2.19) or (2.24)
Considering (2.20) and (2.23) we have
which corresponds to the measurement of the eigenvalue of the operator Σ x , −1, given by (2.27). Now, let us see how we can make distinction between (2.19), (2.20), (2.24) and (2.23). For this purpose we are going to consider (2.1) for ϕ = π and a cavity C prepared in the state | −α . Let us first apply K1 to (2.19), (2.20), (2.24) and (2.23) , that is
Then, we pass atom A2 through C and, taking into account (2.1), we get
Now, we apply a rotation on the states of A2, that is, we apply
which gives us
Now, for (2.43) we displace the cavity injecting | α and send a two-level atom A3 resonant with the cavity through C. If A3 is sent in the lower state |f 3 and after it crosses the cavity we detect the upper |e 3 we get
and if we apply (2.29) to atoms A1 and A2 we get
For (2.44) we displace the cavity injecting | −α and, as above, sending a two-level atom A3 through C in the lower state |f 3 and after it crosses the cavity detecting the upper state |e 3 we get
For (2.45) we displace the cavity injecting | α and sending a two-level atom A3 through C in the lower state |f 3 and after it crosses the cavity detecting the upper state |e 3 , we get
And finally, for (2.46) we displace the cavity injecting | −α and sending a two-level atom A3 through C in the lower state |f 3 and after it crosses the cavity detecting the upper state |e 3 , we get
and if we apply (2.29) to atoms A1 and A2 we get finally
As we see, the discrimination between (2.19), (2.20), (2.24) and (2.23), is made detecting, after the process described above,(
TELEPORTATION
In this section we are going discuss a teleportation scheme that is closely similar to the original scheme suggested by Bennett et al [3] . Let us assume that Alice and Bob meet and than they build up a Bell state involving two-level atoms A2 and A4 as described in section 2 (we use the notation A3 for the two-level atom used to disentangle the atomic states from the cavity state as in the previous section). That is, as in the previous section they make use of a cavity prepared initially in a coherent state and send A2 and A4 through this cavity where the atoms interact dispersively with the cavity, and following the recipe presented in that section, they get the cavity | −α . Then, she sends a two-level atom A3 resonant with the cavity in the lower state | f 3 and after it crosses the cavity she detects the upper state | e 3 and she gets
where N is a normalization constant. Then, she has four alternatives, that is, applying (2.29) to A1 and A2 respectively, according to (2.37) and (2.38) if she gets ( 
and he has to do nothing else. If she
and he must apply a rotation in the Ramsey cavity R4
in order to get a state like (3.62). Now let us assume that Alice injects in the cavity | α . Then she sends a two-level atom A3 resonant with the cavity in the lower state | f 3 and after it crosses the cavity she detects the upper state | e 3 and she gets
Again she has four alternatives, that is, applying (2.29) to A1 and A2 respectively, according to (2.37) and (2.38) if she gets (
. Therefore, after the detection of the states of the atoms A1 and A2, Alice calls Bob and informs him that she has injected | α in the cavity and the result of her atomic detection to Bob. If she detects(|
and he has to apply a rotation in the Ramsey cavity R4
to get (3.62). Finally, if she detects
to get (3.62) . Notice that the original state (3.56) is destroyed in the end of the teleportation process (it evolves to | f 1 or | g 1 ) in accordance with the no-cloning theorem [1, 4] . In Fig. 2 we present the scheme of the teleportation process we have discussed above. Concluding, we have presented a scheme of realization of atomic state teleportation making use of cavity QED. A nice alternative scheme also making use of atoms interacting with electromagnetic cavities has also been proposed in Ref. [7] . In our scheme we use atoms interacting with superconducting cavities prepared in a coherent state which are states relatively easy to be prepared and handled. In Ref. [7] it is used atoms interacting with cavities prepared in Fock states which are state of the electromagnetic field which are sensitive to decoherence. We think that both this schemes could be realized experimentally in the future. Alice sends atoms A1 and A2 through a cavity C prepared initially in a coherent state | − α . After atoms A1 and A2 have flown through C Alice must inject |α or | − α in the cavity, send a two-level atom A3 resonant with the cavity through C in the lower state |f 3 and detect the upper state |e 3 . Then she must perform a measurement of the remaining Bell states of the Bell basis. For this purpose she sends atom A1 through the Ramsey cavity K 1 and A2 through Ramsey cavity K 2 . Then, she calls Bob and informs him which coherent field she has injected in C1 and the result of her atomic detections in detectors D1 and D2. Depending on the results of the Alice's atomic detections and which coherent state she injected in the cavity, Bob has or not to perform an extra rotation in the Ramsey cavity R4 on the states of his atom A4. 
